Introduction
Pneumonia virus of mice (PVM) was first isolated from apparently healthy mice, but can cause lethal pneumonia on passage (Horsfall & Hahn, 1939 , 1940 . PVM, human and bovine respiratory syncytial viruses (HRSV and BRSV), and turkey rhinotracheitis virus (TRTV) form the subfamily Pneumovirinae of the paramyxoviruses (Francki et al., 1991) .
All of the paramyxoviruses have a fusion (F) protein which is responsible for fusion of viral and cellular membranes during virus infection (Pringle, 1987) . The F protein is an oligomeric integral membrane glycoprotein, the C terminus of which is located on the internal side of the viral membrane (Sechoy et al., 1987; Morrison, 1988) . The infectivity of the best characterized paramyxoviruses, Sendal virus and Newcastle disease virus (NDV), is dependent upon proteolytic cleavage of the F glycoprotein into two disulphide-linked polypeptides (Homma & Ohuchi, 1973; Nagai et al., 1976; Scheid & Choppin, 1977) , the smaller (F2) portion of which is N-terminal and the larger (F1) portion C-terminal (Samson et al., 1980) . Paramyxovirus and HRSV F proteins have similar overall sizes and amino acid compositions and hydropathy profiles; the locations of cysteine residues are also similar (Collins et aL, 1984; Spriggs et al., 1986; Shioda et al., 1986) . These data suggest there is extensive structural similarity between pneumovirus and paramyxovirus F proteins. We report here the sequence of the PVM F gene and the predicted amino acid sequence of the F protein.
Methods
cDNA cloning and sequence analysis. Molecular cloning of mRNA from PVM-infected cells has been described (Chambers et al., 1990a) . DNA was sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) after subcloning into phage M13 vectors (Messing & Vieira, 1984) . A cDNA clone designated 601 contained approximately the Y-terminal 40% of the F gene, including the polyadenylation signal and a poly(A) tract. The remainder of the gene was amplified by the polymerase chain reaction (PCR; Saiki et aL, 1988) from the polycistronic G-F mRNA (described as 3.2 kb; Chambers et al., 1990a) between oligonucleotides corresponding to nucleotides 1223 to 1245 in the G gene (our unpublished data) and 1101 to 112t in the F gene. A PCR product of the expected size (1.2 kb) was subcloned and sequenced. Subsequent analysis indicated that a cDNA clone designated 175 from the initial colony bank contained the Y-terminal 10% of the G gene, the G-F intergenic region and the Y-terminal 50% of the F gene joined in inverted orientation to the Y-terminal 10 % of the F gene. A mechanism for the generation of such inverted cDNA rearrangements has been suggested (Barr et aL, 1991) . Clones 601 and 175 were sequenced. Only 10% of the F gene sequence was determined solely from PCR products, and this was verified on two independent clones. Determination of the 5' end of the F mRNA by PCR-assisted mapping was performed essentially as described previously using an antisense oligonucleotide corresponding to nucleotides 131 to 149 and the oligonucleotide oli(C) on G-tailed cDNA (Barr et at., 1991) . 5'-and 3'-terminal sequences of the F gene were verified by determination of intergenic and flanking nucleotide sequences (Chambers et al., 1990b) . Nucleotide sequences were analysed using the computer programs of Queen & Korn (1984) .
Protein sequences were analysed for their hydrophobic moment (Eisenberg et al., 1984) and predicted secondary structure (Gamier et al., 1978) . Consensus predictions were obtained simply by averaging the scores of the individual sequences of the F proteins of the pneumoviruses PVM, HRSV (Collins et al., 1984) and TRTV (Yu et al., 1991) , and the paramyxoviruses NDV (Chambers et al., 1986) , Sendal virus (Shioda et aL, 1986) and simian virus 5 (SV5) (Paterson et al., 1984) , which closely resemble each other (not shown) and the average predictions. Only the extracellular parts of the F protein were considered, and positions where gaps in the alignment (taken from Fig.  3 ) occur have been disregarded.
Amino acid sequence alignments were generated using the program CLUSTAL (Higgins & Sharp, 1988) with fixed and variable gap penalties of 10. Computer-generated gaps in signal, transmembrane and anchor regions were deleted. Only minor further adjustments were made among the alignments of the Ft regions, but alignments of pneumovirus F2 regions with those of the paramyxoviruses were modified to be consistent with apparent similarities in secondary structure predictions.
Results and Discussion
The F gene (gene 8; Chambers et al., 1990a) of PVM consists of 1657 bases, from the transcriptional start to the poly(A) tail ( Fig. 1) , encoding a single large open reading frame of 537 amino acids from an initiation methionine codon in a good context (PuXXATGG; Kozak, 1981) . The predicted Mr (59K) is in rough agreement with the size of the F gene product identified by hybrid arrest of in vitro translation (49K; Chambers et al., 1990a) . The PVM F gene has a 5' non-coding region of only nine bases, and a 3' non-coding region of 37 bases. In common with several other PVM genes, the F gene contains a sequence complementary to the mRNA start close to its 5" terminus (TCCT at positions 15 to 18 is complementary to AGGA at positions 1 to 4; Barr et al., 1991; Chambers et al., 1991; our unpublished results) . The significance of these short Y-terminal inverted repeats is unknown, but could be related to RNA secondary structure (Chambers et al., 1991) .
Location of the cleavage/activation site between residues 101 and 102 in the PVM F protein is suggested by homology to the known N terminus of F1 of HRSV (Elango et al., 1985) . The resulting F2 fragment is smaller than that of HRSV and contains no sites for Nglycosylation, partially explaining the findings of Ling & Pringle (1989a, b ) that cleavage of F 0 of PVM only slightly increases the mobility of F on reducing SDS-PAGE, and that no small F2 glycopeptide is detected after cleavage. F1 of PVM contains two potential sites for N-glycosylation, both located near to the presumed transmembrane domain.
The deduced amino acid sequence of the PVM F protein has the three highly hydrophobic regions (signal peptide, fusion-related region and transmembrane domain) characteristic of paramyxovirus F proteins ( Fig.  3 ). Amino acid sequence similarity among the F proteins of PVM, HRSV and TRTV is clear ( Fig. 3 ; PVM shows approximately 40~ sequence identily to HRSV or TRTV), but the pneumoviruses are more distant from other paramyxoviruses (only about 10~ overall identity between PVM and NDV, SV5 or Sendal virus).
Identities of PVM with HRSV or TRTV can be detected throughout the presumed extraceUular portions of the sequences with the exception of the Fz-F1 connecting regions, in which HRSV contains a notable insertion of 28 predominantly hydrophilic amino acids adjacent to the cleavage/activation site when compared to PVM (22 with respect to TRTV; Fig. 3 ). PVM retains the pattern of cysteines characteristic of the pneumoviruses HRSV and TRTV, which differs somewhat from that of the other paramyxoviruses. The presence of two conserved cysteines in F: of PVM, HRSV and TRTV raises the possibility that there is more than one disulphide crosslink between FI and F: in the pneumoviruses.
The strongest amino acid sequence identity between the pneumovirus HRSV and the typical paramyxovirus NDV is located in two regions of F1 which contain heptad repeats of amino acids. Heptad repeats consist of regions of amino acid sequence with a sequence periodicity (a b c d e f g), such that positions a and d are predominantly occupied by hydrophobic or neutral residues. Conservation of these heptad repeats is consistent with the possible presence of extended cthelical conformation ( Fig. 3 in Chambers et al., 1986 Chambers et al., , 1990c Buckland & Wild, 1989) . The secondary structure predictions for the rest of the externally located parts of paramyxovirus and pneumovirus F proteins are also very similar (Fig. 2) . As individual secondary structure predictions are somewhat inaccurate, an average may give greater confidence. A similar approach was used by Nibert et al. (1990) in the analysis of the reovirus attachment protein sequence. The individual predictions show small variations from the average, particularly in the numerous fl-sheet and turn peaks in the regions designated cysteine-rich or variable (described below).
Secondary structure predictions combined with high hydrophobic moment suggest that a C-terminal region of F2, designated FEh in Fig. 2 and 3 , could form an amphipathic s-helix. This region is interrupted by a conserved proline residue in the paramyxoviruses but not in the pneumoviruses. The N-terminal parts of Fz appear more likely to consist of fl-sheet and turn or coil structures, and are separated from the F2h region by a potential loop of variable length that contains the only cysteine conserved in Fz of all paramyxoviruses (which must cross-link to F0.
The major series of heptad repeats in F1 (Chambers et al., 1990c; designated H in Fig. 2 and 3 ), which has high hydrophobic moment and predictions of s-helix, terminates before a proline residue (in most sequences) close to an isolated cysteine. On the C-terminal side of this cysteine there is a further region (designated Flh in Fig. 2 and 3) which has high hydrophobic moment and moderate predictions of s-helix. In HRSV these Nterminal parts of F1 are highly resistant to tryptic 
H F~h Var Cys-rich Z Fig. 2 . Structural analyses of pneumovirus and paramyxovirus F proteins. The hydrophobic moment (H; Eisenberg et al., 1984 ; window 11 residues) is shown above the secondary structure predictions (Garnier et al., 1978 ) of a-helix (A), fl-sheet (B) and turn (T; predictions of coil were similar to those of turn and are not shown). In (a), the sequences of the F proteins of the pneumoviruses PVM, HRSV and TRTV were used. In (b), the sequences of the F proteins of the paramyxoviruses NDV, Sendal virus and SV5 were used. Fz has been separated from F~ for clarity of display. Lines are drawn underneath the predictions, below which small bars indicate positions where proline (P) residues are present in any of the three pneumovirus F sequences or any of nine paramyxovirus F sequences (B. K. Rima, personal communication). The positions of conserved cysteine residues (C) are indicated as larger bars above the same lines. The locations of regions of the F protein discussed in the text are indicated beneath each part of the figure. These are the potential amphipathic a-helices in F 2 (F2h) or Ft (H, F~h and Z), and the potential fl-sheet/turn or coil rich regions in F2 (F2b) or F] (Var and Cys-rich).
digestion, suggesting that there may be a strong tendency for this region to retain its folded conformation (Lopez et aL, 1990) .
On the C-terminal side of these potential a-helices is a relatively variable region of the externally located portion of F 1 (designated var in Fig. 2 and 3 ). There is little similarity between the hydropathy plots of the paramyxoviruses Sendal virus and NDV in this region (not shown), and the diagonal disappears from matrix homology comparisons ( Fig. 3 in Chambers et al., 1986). Pneumovirus F proteins contain four cysteine residues in this variable region which are not found in the F proteins of paramyxoviruses or morbilliviruses. On the Cterminal side of the variable region is the region of the F protein (designated Cys-rich in Fig. 2 and 3) in which the approximate locations of seven or eight cysteines are conserved among paramyxoviruses and pneumoviruses (Shioda et al., 1986) . In contrast to their near absence from the putative a-helical regions, proline residues are frequent but rarely conserved in location in the variable and cysteine-rich regions (Fig. 2 and 3a ), suggesting the absence of extended helical structure in these regions. This is consistent with the secondary structure predictions, which are generally high for fl-sheet, often alternating with predicted turn or coil conformations, but low for a-helix (Fig. 2) .
Between the cysteine-rich region and the transmembrane domain there is a region of heptad repeats which has high hydrophobic moment and predictions of ahelix, the sequence of which has been likened to a leucine zipper motif (designated Z in Fig. 2 and 3 ; Buckland & Wild, 1989) . To the C-terminal side of these heptad repeats are the very hydrophobic, transmembrane domain of the F protein and the small internally located anchoring domain (designated TM and Anc, respectively, in Fig. 2 and 3) .
The secondary structure predictions discussed above are reflected in those published for the morbillivirus measles virus F protein ( Fig. 8 in Richardson et al., 1986) , in which analogues of Fzh, H, Flh and Z can be detected around residues 70 to 90, 140 to 180, 200 to 220 and 460 to 490, respectively. Residues 220 to 460 of measles virus F protein are predicted to be poor in a-helix but rich in fl-sheet, alternating with turn or coil conformation. A high level of a-helix in the F protein of Sendal virus has also been suggested on the basis of circular dichroism measurements (Hsu et al., 1982) .
Two transmembrane glycoproteins [influenza virus haemagglutinin (HA) and trypanosome variable surface glycoprotein (VSG); Wilson et al., 1981 ; Freymann et al., 1984] contain long a-helices in coiled coil structures, predicted on theoretical grounds (Cohen & Philips, 1981) . We have suggested that several types of viral envelope glycoproteins involved in cell fusion, including the F protein of PVM, may be multi-subunit assemblies built around extended a-helical coils at their subunit interfaces (Chambers et al., 1990e) . By analogy to these known structures, it seems possible that the heptad repeat regions of F protein (H and Z) and the additional shorter potential amphipathic helices identified above Although nothing is known about the antigenicity of the PVM F protein, some regions of various other paramyxovirus F proteins either stimulate an antibody response that recognizes native F proteins or mutate during selection of monoclonal antibody-resistant mutants. As a first approximation, these regions are assumed to be accessible to antibodies in the native F protein, although changes in antibody-resistant mutants could be due to indirect effects on the binding region. These data are described below because, by analogy to the influenza virus glycoproteins, the upper surfaces of pneumovirus and paramyxovirus F proteins might be the parts most accessible to antibodies (Wiley et al., 1981;  Colman et al., 1983) . Trudel et al. (1987) and Bourgeois et al. (1991) found that synthetic peptides corresponding to residues 200 to 236 of the HRSV F protein bind to murine monoclonal antibodies and contain sequential antigenic domains capable of generating neutralizing antibodies in guineapigs or rabbits; these residues include most of Flh and a putative loop connecting H to Flh, as shown in Fig. 2  and 3 . The proposed loop between H and Fih is relatively variable in sequence between HRSV subgroups A and B, with five variable residues between positions 200 and 213, compared to the overall 93~ amino acid identity between F1 subunits ( Fig. 1 and Table 1 in Johnson & Collins, 1988) . It is also variable amongst NDV isolates, with four variable positions out of five in lineage B (residues 197 to 201), four of 12 in lineage C (residues 194 to 205), or 10 of 14 amongst all sequences (residues 192 to 205), compared to the 84~ amino acid identity in all positions of FI amongst all sequences ( Fig. 2 and 3 in Toyoda et al., 1989) . Perhaps sequence drift in this region has been selected for by immunological pressures. Scopes et al. (1990) have found that the most antigenic region of the HRSV F protein detectable by the Pepscan procedure (in which short overlapping synthetic peptides are synthesized on pins then analysed by ELISA with antiviral sera) is residues 483 to 488, which are located at the N-terminal end of the Z region, as shown in Fig. 3 . A minor immune response to HRSV residues 60 to 80 is also present in the Pepscan analysis ( Fig. 2 in Scopes et al., 1990) . These residues include the N terminus of the F2h region and the cysteine-containing potential loop of variable length described earlier, and they correspond to regions in which neutralizing monoclonal antibodies select escape-mutations in NDV and parainfluenza virus 3 (Toyoda et al., 1988; Neyt et al., 1989; Yusoff et al., 1989; Coelingh & Tierney, 1989) .
One possible arrangement of the potential amphipathic 0~-helical elements of F protein is suggested in Fig.  3(b) . However, it is necessary to add the proviso that these suggestions are based upon possibly inaccurate secondary structure predictions. The arrangement shown in Fig. 3 (b) is apparently consistent with the above data in that peptides from F proteins that have been shown to bind antibodies would be located on the top of the F protein. If the F protein is arranged as in Fig. 3 (b) , the fusion-related domain might be buried inside the protein, but would emerge and interact with the viral membrane, presumably destabilizing it, to initiate membrane fusion. The movements of the fusion-related domain could resemble some of those that occur in the pH 7 to pH 5 conformational change of influenza virus HA (Ruigrok et al., 1986) . Lipid may then be able to move through the hydrophobic subunit interface. Some role for the variable and cysteine-rich regions of F protein in membrane fusion also seems likely, perhaps in a secondary attachment process.
The $2 portion of coronavirus spike peplomers (S or P) has heptad repeat regions, hydrophobic regions, cytoplasmic anchor domains, overall hydropathy profiles and secondary structure predictions similar to those of F1 (Fig. 2 in Chambers et al., 1990c) . $2 has a possible analogue of the cysteine-rich region (again predicted to consist largely of fl-sheet, turn and coil) located between the heptad repeat regions. There are only four conserved cysteines in this part of $2, rather than the seven to 12 found in the relevant parts (variable and cysteine-rich) of the pneumo-and paramyxoviruses, but the distantly related torovirus Berne virus has 12 cysteines in this region (Snijder et al., 1990) . These features of the coronavirus and torovirus peplomers are collinear with and of similar dimensions to those found in paramyxovirus F proteins, suggesting there could be some overall similarity between the structures of FI and $2.
